). In these studies, the authors were able to demonstrate that, at low G␣ o levels and in the presence of an RGS protein, GIRK currents were G protein-coupled inwardly rectifying potassium chancharacterized by fast deactivation and fast activation nels (GIRK/Kir3) are important elements in controlling accompanied by a large decrease in steady-state curcellular excitability. In recent years, tremendous progrent levels. An increase in the amount of G␣, however, ress has been made toward understanding various led to an increase in maximal currents (Zhang et al., components involved in channel activation, modula-2002). Further supporting the formation of a ternary sigtion, and signaling specificity. In this review, we sumnaling complex of GPCR, G protein, and GIRK channel. marize these recent findings and attempt to put them An interesting finding regarding the role of the free G␣ in context with recently available structural data.
. Increase in channel activity can be medi-(A) Structural view of the tetrameric N-and C-cytosolic domains of ated by the activation of protein kinase A (PKA) following the activa-GIRK1 channels and the residues identified to be involved in G␤␥-tion of GPCR linked to G␣s-type G proteins (yellow). Both PLC and mediated gating (Protein DataBank accession number 1N9P
). Leu-PKA may be soluble and thus do not have to directly associate with cine 333 is peripheral and was found to be involved in channel the GIRK channel activation complex. activation by G␤␥. Leucine 262 and histidine 57 both were found to be involved in channel basal activity (He et al. 1999 (He et al. , 2002 and are buried within the structure. All residues are labeled as space filled. subunits, and it is possible that free G␤␥ subunits have , oxidation-reduction, phosphorproximity, within 5 Å from each other, to the redoxylation, and acidification. This section will identify resensitive cysteine residue in the N terminus and to the gions that may participate in the gating/modulation of the arginine residues involved in PIP 2 binding of the chan-GIRK channel in response to these additional factors. nels ( Figure 2B ). The fact that many intracellular subThe anionic phospholipid phosphatidylinositol-4,5-stances influence channel gating and that they all can bisphosphate (PIP 2 ) has a role in the activation of not be colocalized to a specific region suggests that they only GIRK channels but also of G protein-independent may all influence a common gating module. inward rectifiers and many other types of membrane
The Search for the Elusive Activation transport proteins. The addition of PIP 2 to inside-out Gate of GIRK Channels patches enhances the activity of GIRK channels to maxi-K ϩ channels are highly similar in structure. It is therefore mum levels, even in the absence of G␤␥. These currents likely that, despite the dependence on different gating are not decreased by the addition of G␣. However, the factors for activation, all gate in a similar fashion. The presence of G␤␥ prior to addition of PIP 2 increases the molecular events that occur in the GIRK channel from affinity of the channels to PIP 2 . Conversely, G␤␥ is insufthe binding of G␤␥ until the opening of the permeation ficient to activate the channels following depletion of pathway to allow the passage of K ϩ ions are still un-PIP 2 (Stanfield et al., 2002, for review). These results known. However, large steps have been made toward suggest that G␤␥ acts to strengthen the interaction bea better understanding of GIRK channel gating, and the tween the channel and PIP 2 , which may therefore be a information gathered for GIRK channels is likely to be crucial cofactor for structural integrity. G␤␥-indepenrelevant for other K ϩ channels and vice versa. dent constitutively active mutants are also PIP 2 depenImpressive progress has been made in the elucidation dent, further suggesting that PIP 2 is required to stabilize of the activation gate of GIRK channels. and by using proline scanning mutagenesis of the TM2 a C-terminal aspartate found in Kir3.2 and Kir3.4 but of GIRK4 were able to convincingly demonstrate that not Kir3.1. This interaction effectively neutralizes the upon activation gating the TM2 helix bends and the negative charge and allows PIP 2 to interact with two highly conserved glycine residue in the middle of the arginines located near this aspartate residue, allowing TM2 acts as a pivot point for this movement. Jin et al. the increase in channel activity. Physiologically, an inhave also shown that rigidity below the pivotal glycine crease in intracellular Na ϩ concentration and conseis important for activation gating and that rigidity is cruquent increase in GIRK channel activity may be a form cial for gating below the residue in GIRK4 that was susof a protective mechanism in electrically hyperactive pected of forming the narrowest part of the pore (equivatissues. Mg 2ϩ gates the channels following modification lent to the KcsA "bundle crossing"). These results argue that the "bundle crossing" does play an important role by ATP or PIP 2 and occurs at a site distinct from that oughly. From the original observation that G␤␥ subunits are the key elements responsible for GIRK channel gating, studies in many laboratories have now been able to elaborate on the complex mechanism of channel gating as well as modulation. In light of the recent explosion in deducing channel structures, the field is now waiting for more detailed mechanistic interpretations concerning channel gating and modulation related to the GIRK channels.
